In the nearest future in erection of space platforms and other large-size thick-wall structures the application of light magnesium alloys will be challenging. Therefore, the investigations on their updating and evaluation of a feasibility of producing the quality welded joints are urgent. In this work the results of experimental investigation of weldability of magnesium MA2 alloy of 100 mm thickness by electron beam and optimizing the technology of manufacture of large-size structures of this alloy are described. The variants of preparation and treatment of surface of edges to be welded and areas of base metal adjacent to it before welding are offered. From the results of penetration of metal across the whole thickness of the plate and metallographic investigations of peculiarities of weld formation, the optimal conditions of welding by accelerating voltage, beam current, focusing current, scanning parameters, deepening of focal spot and spatial butt position were established. The technical documentation was worked out and ready-metal assembly-welding stand was manufactured to perform assembly for EBW of billets of plates of 3000 × 3000 × 100 mm size. To prevent defects in external formation of joints, it was offered to use cover plates on the face side of a butt and backings on the side of a weld root, which are arranged along the whole length of a butt and manufactured of the same alloy. They should be fastened to the product to be welded on the tacks made by argon arc welding just after assembly on the stand. Considering the results of carried out investigations the plate structure of 3000 × 3000 × 100 mm size was manufactured of magnesium MA2 alloy using EBW. At the present time among the variety of metal structural materials the light nonferrous metals, including also magnesium alloys, are widely applied. The main fields of their application are aircraft and rocket construction and also space vehicles building, where reduction in weight characteristics of the products has a great significance [1, 2] .
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The development of reliable methods for producing permanent welded joints will promote the wider application of magnesium alloys in manufacture of structures of large sizes. The solution of this problem concerns both the sphere of modernization of metallurgy of production of magnesium alloys of different alloying systems themselves and also investigations in the direction of development of technology of their welding using different methods. In the present work the results of investigations on evaluation of principal feasibility of application of magnesium alloy MA2 as applied to the production of large-size thickwall structures for the future space platforms are given.
The first experiments on optimizing the technology of EBW of MA2 alloy showed the presence of great vapor-gas flow from weld pool. When that flow gets to the cathode spacing, it leads to increasing the pressure and occurrence of electric breakdowns in the gun. Therefore, it is necessary to increase either power of system for pumping out of cathode unit of the gun, which is not always possible to be realized at the operating machines, or working distance between the gun and the workpiece. In our experiments the working distance was set equal to 320 mm.
Negative influence of vapor-gas flow affects also the condition of cathode surface. Aluminium and its oxides getting to the surface of lanthanum-boride cathodes form eutectics, which decrease the emission of electrons. The current beam is changed, which violates the geometry of penetrations. Especially this is observed in producing long welds, characteristic of the joints of billets of space platforms.
Under this reason the metal cathodes with the working temperature of 2800 °C find ever wider application during recent time, due to which the evaporation of metal particles from the surface of cathodes and prevention of cathodes metallization occur. The main difficulties in use of hightemperature metal cathodes are connected with high power of cathode heating and life of insu-lators and all the elements of cathode unit at high temperatures.
To decrease the power of heating the cathodes, a new design of fastening the tungsten electrode, manufactured using laser beam, was designed at the E.O. Paton Electric Welding Institute [3] . New design of tungsten cathodes of 3 mm diameter allows generating electron beam of 500 mA current at 70 W preheat power. Using tungsten cathodes of 4.2 mm diameter the beam current of 1000 mA is achieved at heating power of 100 W. These cathodes, used by us in the investigations, showed high stability of formation of long welds at EBW of magnesium alloys of large thickness.
The stability of formation of welded joints on magnesium alloys is provided also by the stability of operation of the whole power complex of the machine. Even negligible non-uniformity in movement of alloy MA2 billets being welded has a negative influence on welds shape.
At instability of welding speed of more than 5 %, on the upper bead of welds the appearance of overlaps is clearly seen (Figure 1, a) , and in the root the increasing in amplitude of variation in penetration depth can be observed. At instability of welding speed of less than 3 % the nonuniformity of welds formation is reduced (Figure 1, b).
The necessary parameters of the system for moving the gun and the product were achieved using the machine for EBW equipped with linear modules MKK35 («Rexroth», Germany). Figure 2 shows the mechanism for movement of gun of machine UL 219, which was used in mastering the technology of MA2 alloy welding. It provided the sufficient accuracy of movement (0.08 mm) and met the requirements to instability of welding speed.
The mechanism has three levels of freedom along the axes X-X, Y-Y and Z-Z. The movement of EB gun along the chamber in axis X-X is performed by wheel-out of tables of linear modules MKK35-165 of 3800 mm length, which are equipped with a drive composed of two ball-andscrew gears with the pitch of 5 mm, two gear belt transmissions with gear ratios i = 2 and electric motor of 5 N⋅m torque.
At the tables of linear modules MKK35-165 two linear modules MKK25-110 of 2830 mm length are installed equipped with a drive, which is composed of one ball-and-screw gear with pitch of 5 mm, one gear belt transmission with gear ratio i = 3.6 and electric motor of 5 N⋅m torque. These modules allow the EB gun to move along the axis Z-Z.
In turn, a beam with linear modules MKK15-60 of 2200 mm length was mounted at the tables of linear modules MKK25-110 of 2830 mm length and equipped with a drive composed of one ball gear of 5 mm pitch, one gear belt transmission with gear ratio i = 3 and electric motor with 0.83 N⋅m torque. These modules allow moving the gun along the axis Y-Y.
The speed of movement of EB gun along the axes X-X, Y-Y and Z-Z is preset in the limits of 6-120 m/h (1.66-33.30 mm/s).
To provide control and accurate positioning, all the electric motors are equipped with sensors of angle movements. The signals from sensors are used to control EBW parameters using computer system on the base of high-precise CNC and PLC. Visual method of design of EBW programs is used [4] . Additionally to the applied traditional computational complex combining CNC and PLC in its composition, the machine UL 209 uses higher level of interface of operator for visual design of working programs and control of welding process, and also additional computer, which, independently of other processor units, solves the problems of butt identification according to the RASTR image of workpiece surface, obtained from the monitoring device, were introduced. Together with the main computer it provides performance of functions of automatic training, correcting and seam tracking. Visually designed program of welding during its launching for automatic performance, without participation of the operator, is converted to the succession of Gcodes, executed by CNC. The example of such program, used for EBW of butts of magnesium MA2 alloy of 1500 mm length, is given in Figure 3.
Mastering of technology of EBW of thick-wall magnesium alloy workpieces was performed in two stages. At the first one the experiments were carried out on optimizing welding mode parameters for stable formation of joints at complete absence of any defects of welds. On these butt joints the strength characteristics on specimens, cut out in different directions across the thickness of butts, were determined [5] . At the second stage the welding-assembly stands were designed and manufactured, their tests were made, and then welding was performed with their use and largesize structures for pilot production were manufactured. Figure 4 shows the sketch of plate of space platform of magnesium MA2 alloy, which is welded of four billets of 1500 × 1500 mm size and 105 mm thick. At the same sketch four holes of 600 mm diameter are shown, which are cut out after welding.
In Tables 1 and 2 the chemical composition and mechanical properties of initial billets of 100 and 105 mm thickness are given, which were subjected to welding, and after optimization of parameters of welding conditions they were used for mechanical tests.
During evaluation of the influence of welding condition parameters on quality of welds formation the penetration was performed on base metal and then the macrosections were made, and presence or absence of defects in welds and HAZ were determined.
The stable quality of joints formation is achieved in producing horizontal welds in vertical plane using horizontal beam at the beam power of 16 kW and welding speed of 5 mm/s. Figure 5 , a shows macrosection of cross section of produced welds in EBW using horizontal beam. All welded joints are characterized by the presence of undercuts on the side of beam entry and cover plates, which are installed at the top and in the butt root ( Figure 5 , b) and fastened before argon arc welding. The thickness of cover and backing plates was 15 mm. Considering the increase in total penetration depth the welding current was also increased to 380 mA. Welding speed, current of focusing lens I f = 590 mA, accelerating voltage U acc = 60 kV and technological beam scanning around the circumference of 2 mm diameter remained unchanged. In all the cases the surface of edges to be welded and also surfaces of plates adjacent to the butt were scraped to the depth of 0.1-0.2 mm. In welding of billets of 1500 × 1500 × 100 mm size the butt tacks were made under condition: I b = 100 mA, I f = 620 mA, v w = 5 mm/s, oscillations of the beam around the circle of 2 mm diameter. At the butt of 1500 mm length 5 tacks of 120 mm length with the pitch between the tacks of 150 mm were performed. Before making tacks the butt was degassed by defocused electron beam of small power. The tacks were made in the staggered order starting from the middle of butt length. Then, mechanical cleaning of their surface, installing and fixation of cover plate atop the butt and backing plate on the side of a root were performed. On the both sides of a butt the run-in and run-out tabs were mounted and fastened. In such a condition the butts of 1500 mm length were welded.
After completion of welding, the plates of 3000 × 1500 × 105 mm size were removed from welding stand, and cover plates were cut off from the face side of the plates, as well as root and run-in and run-out tabs at the beginning and end of welds were cut out using angular grinding machine.
EBW of the last butt of 3000 mm length was performed on the special assembly-welding stand. The tacks of a butt were fastened by electron beam on both sides with turnover of the workpiece beyond the vacuum chamber. The further cleaning of tacks and fastening of cover plates and run-out tabs were carried out according to the above-mentioned technology. The general view of the platform equipped and installed in the vacuum chamber is given in Figure 6 .
After welding, the table assembled according to the scheme like that is wheeled out from the chamber, welded product is transported using crane to the area of ultrasonic testing and measurements of residual deformation.
Simultaneously with the as-prepared and asassembled plate on the stand, the specimens-witnesses, necessary for the further manufacture of sections, intended for metallographic investigations, defining of distribution of hardness in the weld metal and HAZ and also for investigations of mechanical properties were loaded to the vacuum chamber. Round specimens for determination of ultimate rupture resistance were manufactured of different areas both across the thickness of a butt, as well as in different directions of rolling of plates at their metallurgical production. The test results of specimens are given in Table 3 . Having compared these data with the characteristics of the base metal, given in Table 2 , one can make the conclusion that the coefficient of strength of joints in all the cases exceeds the value 0.9, which had to be provided according to the technical assignment.
The quality control of welds after removing the plates from the assembly-welding stand was performed applying ultrasonic flaw detector UD2-70. The plate was arranged in this case on the lodgement in horizontal position in the way that the weld was in gravity position. The scanning was performed on the both sides of the weld. The ultrasonic testing of quality of butt welded joints with thickness of edges of 100 mm did not detect any defects along the total length of welds of 6000 mm.
The evaluation of level of deformation of a plate according to the scheme of measurements of deflections showed that after producing of final weld the deformation of plate is varied within the limits of ±1.5 mm.
Conclusions
1. Principal feasibility of application of EBW in manufacture of thick-wall welded structures of magnesium alloys is shown.
2. Optimal parameters of conditions and basic technological requirements in EBW of billets of magnesium MA2 alloy with the thickness of edges of 100 mm were established.
3. The technology of manufacture of large-size products of 3000 × 3000 × 100 mm of magnesium MA2 alloy was developed and passed pilot-industrial testing.
